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METRIC CONVERSION TABLE

Inch-pound wunits used in this report may be converted to metric S| (Interna-
tional System) units by the following conversion factors:

Multiply imch~pound units By To obtain metric units

cubic foot per second (ft3/s) 0.02382 cubic meter per second (m3/s)
foot (ft) 0.3048 . meter (m)

foot per day (ft/d) 0.3048 meter per -day (m/d)

foot per mile (ft/mi) 0.18943 meter per kilometer (m/km)
foot per year (ft/y) 0.3048 meter per year (m/y)

foot squared per day (ft2/d) 0.0929 meter squared per day (m?/d)
gallon per minute (gal/min) 6.308x10-° cubic meter per second (m2/s)
inch (in.) . 25.4 millimeter (mm)

mile (mi) 1.609 kilometer (km)

square mile (mi?) 2.590 square kilometer (km?)

ton (short) 0.9072 metric ton (t)

ton per year (ton/yr) 0.9072 metric ton per year (t/yr)

Vi



DIGITAL-TRANSPORT MODEL STUDY OF THE POTENTIAL EFFECTS OF COAL-RESOURCE
DEVELOPMENT ON THE GROUND-WATER SYSTEM IN THE YAMPA RIVER BASIN,
MOFFAT AND ROUTT COUNTIES, COLORADO

By James W. Warner and Robert H. Dale

ABSTRACT

Large increases in coal mining currently (1979) taking place in the Yampa
River basin in Colorado are expected to continue during the 1980's and may
adversely impact both the ground-water and surface-water quality in the basin.
One potential source of adverse impact is the dissolution of soluble minerals con-
tained in overburden material disturbed during mining. Ground-water degradation
is anticipated from deep infiltration of water percolating through the waste-spoil
piles at the mines. Digital-transport modeling techniques were used to evaluate
the potential effects of this anticipated ground-water degradation.

Most coal is strip mined from the Mesaverde Group of Late Cretaceous age, a
thick sequence of interbedded sandstones, shales, and coals. Digital models were
constructed of the Mesaverde Group in the Twentymile Park and the Williams Fork
Mountains areas. The Mesaverde Group was modeled as a single-aquifer system and
steady-state flow conditions were assumed. The calibration procedure consisted of
a comparison of measured and model-calculated potentiometric-surface altitudes. In
addition, measurements of ground-water discharge at springs and gain-loss measure-
ments of discharge to streams were compared with ground-water discharges calculat-
ed by the model.

The models were used to predict the potential impacts on ground-water quality
in the vicinity of each major coal-strip mine in the model areas. |In the models,
the effects of spoil-pile leachate containing 2,000, 5,000, and 10,000 milligrams
per liter of dissolved solids were simulated. The models simulated conservative
(nonreactive) mass transport.

Results of the simulations indicate that dissolved-solids concentrations in
ground water would increase by about 200 milligrams per liter within a 0.5- to
1.0-mile (0.8- to 1.6-kilometer) radius of the mine sites. Development of the
plumes of degraded ground water would be slow because much of the degraded water
would be intercepted by nearby streams within a few miles of the mine sites. This
degraded ground-water discharge would cause dissolved-solids concentrations in
streamflow to increase by several hundred milligrams per liter during low-flow
periods but should not cause any observable change in water quality of the Yampa
River because of its comparatively greater flow. The techniques used in this
study may be applied in varying degrees to other areas of surface-mined coal in
the Rocky Mountain region.



INTRODUCTION

The Yampa River basin is an area of about 8,080 mi? (20,900 km2) located in
northwestern Colorado and south-central Wyoming along the western slope of the
Rocky Mountains (fig. 1). The basin contains abundant coal and other energy re-
sources and limited water resources (Steele and others, 1979). The coal resources
in the basin are planned for rapid development during the 1980's, with emphasis on
easily strippable coal deposits. Ccal production in the basin 1is expected to
increase from an annual production of less than 2 million tons (1.8 million t) in
the early 1970's to an estimated 20 million tons (18 million t) by the late
1980's. Production in 1978 was about 9.4 million tons (8.9 million t).

The U.S. Geological Survey has conducted a 3-year multidisciplinary river-
basin assessment of the Yampa River basin (Steele and others, 1976a; 1976b). The
objectives of the assessment were: (1) to evaluate the impact on the basin's water
resources due to the development of regional water and energy resources (primarily
coal), and (2) to apply and document assessment methods that might be readily
transferable to similar regions of the United States. As part of this river-basin
assessment, the potential effects of coal-resource development on the ground-water
resources of the basin were investigated and the results are summarized in this
report.

Most coal will be mined by surface-stripping techniques from the Mesaverde
Group of Late Cretaceous age, a thick sequence of interbedded sandstones, shales,
and coals. The sandstone layers and the coal beds act as the major aquifers for
ground-water movement within the Mesaverde aquifer system. Mining will be concen-
trated in the Williams Fork Mountains area and in the Twentymile Park area in Col-
orado (fig. 1).

Digital models were constructed of the Twentymile Park and the Williams Fork
Mountains areas (fig. 1) to simulate the effects of coal development on ground-
water movement and chemical quality of ground and surface water in these major
coal-mining areas. Two models were required in order to have a small enough nodal-
grid interval to enable a detailed simulation of the aquifer. The results of these
models are based on data collected over a 3~-year period from 1976 to 1979.

The models used in this study were written and programed by L. F. Konikow and
J. D. Bredehoeft of the U.S. Geological Survey and documented in Book 7, Chapter
C2, Techniques of Water-Resources Investigations of the United States Geological
Survey (Konikow and Bredehoeft, 1978). These models were modified by the authors
to fit conditions in the Yampa River basin. The models simulate conservative
(nonreactive) mass transport and are based on an iterative alternating-direction-
implicit mathematical solution of the ground-water flow equation as described by
Pinder and Bredehoeft (1968), coupled with a method of characteristics solution of
the solute-transport equation described by Reddel and Sunada (1970) and by Brede-
hoeft and Pinder (1973). These mathematical procedures require each modeled area
to be divided into rectangular segments or nodes of equal dimensions called the
model grid. At each node the average geohydrologic and chemical characteristics of
the aquifer within the area of the node are specified. Boundary conditions must be
specified at each node along the edge of the model grid. These boundary conditions
may represent either a constant-head boundary or a constant-fiux boundary. These
boundary conditions also may be specified at nodes in the interior of the model.
For example, a constant-head node may be-specified at a physical location contain-
ing a spring to allow the model to more closely approximate actual physical condi-
tions.































































































































































Boundary Conditions

The boundary conditions specified in the model were either constant-flux or
constant-head conditions. The constant-flux condition most commonly used was a no-
flow boundary condition. No-flow boundaries were simulated between the Mesaverde
aquifer and the Mancos Shale by using a transmissivity equal to zero at the bound-
ary nodes. Constant-head boundaries, shown in figure 36, were simulated where the
model boundary intersected adjacent parts of the Mesaverde aquifer or where the

potentiometric surface in the aquifer remained approximately constant. In the
Williams Fork Mountains model, constant-head boundary nodes were specified along
the intersection of the Mesaverde aquifer with the Yampa River and the Williams

Fork. Along these boundaries the potentiometric surface in the aquifer was main-
tained at approximately the river-stage elevation. A constant-head boundary was
specified along the northern edge of the model area where it intersects adjacent
parts of the Mesaverde aquifer and along the common boundary between the two model
areas. A constant-head boundary condition also was specified in model nodes which
contained springs. There were three of these nodes in the model.

Potentiometric Surface

Steady-state ground-water flow conditions were assumed. The 1975-77 poten-
tiometric-surface contours in the model area are shown in figure 36. |In general,
the direction of water movement follows the general dip of the aquifer and flow is
northward in the model area. Minimal ground-water pumpage occurs in most of the
model area and the assumption of steady-state ground-water flow conditions s
probably wvalid. However, increased ground-water pumpage has occurred near the
town of Craig, which might have some small local effect on the direction and rate
of water movement in the vicinity of Craig. The ground-water gradient within the
model area is about 68 ft/mi (139 m/km), with a total decrease in the potentio-
metric surface of about 930 ft (283 m) across the model area.

Recharge Rate

Most ground water occurring in the model area is derived from infiltration of
rainfall or snowmelt within the model area. Some ground-water underflow enters
from the northeast along the common boundary with the Twentymile Park model. Re-
charge from infiltration of precipitation was estimated to be the same as for the
Twentymile Park model at 1 in. (25 mm) per year and was assumed uniform over the
outcrop area of the Mesaverde Group. Total recharge from infiltration of precipi-
tation to the Mesaverde Group within the model area was estimated at 11.4 ft3/s
(0.32 m3/s). Ground-water discharge out of the model area occurs mainly to the
Yampa River and the Williams Fork and as ground-water flow to the north, down dip
into the Sand Wash structural basin.
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Saturated Thickness and Transmissivity

The saturated thickness and transmissivity of the aquifer are needed for
input to the model. The saturated thickness of the Mesaverde aquifer ranges from
zero at the contact with the Mancos Shale to a maximum of 800 ft (240 m) where it
is overlain by the Lewis Shale (fig. 37). Only the sandstone layers in the Mesa-
verde Group are included in the saturated thickness. The transmissivity of the
aquifer was calculated as the product of the hydraulic conductivity and the satu-
rated thickness. The hydraulic conductivity determined in the model calibration
to give the best overall fit was 1 ft/d (0.3 m/d). This value of hydraulic con-
ductivity was considered to be uniform in the model area. Calculated values of
transmissivity of the aquifer ranged from 0 to 800 ft2/d (0 to 74 m2/d).

Dissolved~Solids Concentration

The initial dissolved-solids concentration in the aquifer was set equal to
zero in the model. Thus, concentration values calculated by the model represent
increases in concentration values expected above premining values rather than ab-
solute concentration values.

Model Calibration

The same calibration procedure was used in this model as in the Twentymile
Park model and involved a comparison of the measured potentiometric-surface
altitudes in the Mesaverde aquifer with model-calculated potentiometric-surface
altitudes. In addition, measurements of ground-water discharge at springs and
gain-loss measurements of ground-water discharge to streams along selected reaches
were compared with model-calculated ground-water discharges.

The 1975-77 potentiometric-surface altitudes in the aquifer (fig. 36) show
good agreement with model-calculated steady-state potentiometric-surface altitudes
(fig. 38). The greatest discrepancy between measured and model-calculated alti-
tudes occurs in the Williams Fork Mountains in the western part of the model area.
The ground-water gradients in this area are steep and, because of the large grid
size used in the model, a detailed simulation of the aquifer in this area was not
possible. The model calculated a quasi-average hydraulic gradient for the ground
water in this area. The loss of resolution of the model in this area 1is thought
to be insignificant when compared to the entire modeled area, and the model is
thought to simulate actual conditions in the aquifer with an acceptable level of
accuracy.

As another calibration check, the model-calculated ground-water discharge
rates were compared with measured values. A gain-loss measurement of streamflow a-
long the Williams Fork near its mouth indicated a gain in streamflow of 0.60 ft3/s
(0.017 m3/s) along this reach. This compares with a model-calculated ground-water
discharge rate to the Williams Fork of 0.74 ft3/s (0.021 m3/s) (fig. 39) along
this reach. A series of springs occurs along the south side of the Williams Fork
Mountains. The combined discharge rate of these springs was estimated at
0.25 ft3/s (0.0071 m3/s), as compared to a model-calculated spring discharge rate
of 0.14 ft3/s (0.0040 m3/s) (fig. 39).

56

































SUMMARY AND CONCLUSIONS

Large increases in coal mining currently (1979) taking place in the Yampa
River basin are expected to continue during the 1980's and may adversely impact
both the ground-water and surface-water quality in the basin. One potential source
of adverse impact is the dissolution of soluble minerals contained in overburden
material disturbed during the mining. Ground-water degradation is anticipated from
deep infiltration of water percolating through the waste-spoil piles at the mines.
Digital-transport modeling techniques were used to evaluate the potential effects
of this anticipated ground-water degradation.

Two digital models of the Mesaverde aquifer in the Twentymile Park and the
Williams Fork Mountains areas were used to simulate the effects of coal develop-
ment on dground-water movement and chemical quality in these major coal-mining
areas. The Mesaverde aquifer was modeled as a single-aquifer system. Steady-
state flow conditions in the aquifer also were assumed. The calibration procedure
involved a compariscon of measured and model-calculated potentiometric-surface al-
titudes. In addition, measurements of ground-water discharge at springs and gain-
loss measurements of ground-water discharge to streams along selected reaches were
compared with ground-water discharges calculated by the model. The calibration of
the two models was conducted jointly so that calibration data common to both mod-
els resulted in an overall 'best fit." The data assumptions and model limitations
were thought not to be significant and considered not to limit the validity of the
model results.

The models were shown to be a valuable technique in the evaluation of the po-
tential hydrologic impacts of coal mining. One of the major contributions of the
models was a better understanding of the ground-water flow system in the basin.
The calibrated models were used to estimate the recharge and discharge rates for
the Mesaverde aquifer. Recharge to the Mesaverde aquifer in the Twentymile Park
model area was 6.0 ft3/s (0.17 m3/s), and the recharge rate in the Williams Fork
Mountains model area was 11.4 ft3/s (0.32 m3/s). It was shown that, in general,
ground water moves only short distances--less than a few miles--before being dis-
charged at the surface, either at springs or to streams.

In the Twentymile Park model, approximately 77 percent of the flow in the
aquifer was discharged at springs or to streams draining the area. The remainder,
approximately 23 percent, was discharged as underflow across the common boundary
of the two models. In the Williams Fork Mountains model, approximately 35 percent
of the flow in the aquifer was discharged at springs or to streams. The remain-
der, approximately 65 percent, was discharged as underflow to the north out of the
model area and down dip into the Sand Wash structural basin. Model calculations
indicated that the ground-water underflow to the north may possibly discharge up-
ward through the Lewis Shale into the Yampa River.

The calibrated models also were used to calculate the average interstitial
ground-water velocities in the model areas. The porosity of the Mesaverde aquifer
was estimated to be 0.01 and assumed constant over the model areas. |In general,
ground-water velocities are small, ranging from about 200 to 1,000 ft/yr (60 to
300 m/yr).
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Through simulations of projected conditions, the models were used to predict
the potential impacts on the regional ground-water quality for each major coal
strip mine in the model areas. These model simulations indicate the effect that
coal mining would have on the regional ground-water system in the Yampa River ba-
sin. These results do not eliminate the need for site-specific studies to evaluate
the effect coal mining will have on local ground water in individual aquifer
units. A general increase in all major ionic constituents in the water is antici-
pated from infiltration through the waste-spoil piles created by the mining. Data
are generally lacking on the magnitude of this anticipated increase. |In the mod~
els, dissolved-solids concentrations of Jleachate from the waste-spoil piles of
2,000, 5,000, and 10,000 mg/L were simulated. The models simulated conservative
(nonreactive) mass transport.

Almost no data exist to evaluate the ground-water impact of earlier mining
in the basin, but the impact was probably small and certainly much less than that
caused by present-day (1979) mining activity. The assumption was made that the
earlier impact on the ground water was negligible and initial dissolved-solids
concentrations of the ground water were assigned a value of zero in the model.
Thus, concentration values calculated by the models represent increases in
dissolved-solids concentrations above premining values, rather than absolute con-
centrations.

Assuming a dissolved-solids increase of 5,000 mg/L for leachate from the
waste-spoil piles, an additional loading to the ground-water system of 4,500 tons/
yr (4,100 t/yr) would occur for all of the mines considered. lIncreases in dis-
solved-solids concentrations of as much as 3,000 mg/L in the ground water could be
expected at some of the mine sites. Increases in dissolved-solids concentrations
of 200 mg/L would be typical within an 0.5- to 1.0-mi (0.8- to 1.6-km) radius of
the mine sites. The ground-water degradation would result in an increase in dis~
solved-solids concentrations of 200 to 400 mg/L in water from springs near some of
the mines.

Development of the plumes of degraded ground water created by mining would be
slow, because much of the degraded water would be intercepted by nearby streams
within only a few miles of the mine sites. This degraded ground-water discharge
could cause increases in dissolved-solids concentrations of as much as 900 mg/L at
low flow in some of the tributary streams but should not cause any observable
change in the water quality of the Yampa River because of the much greater compar-
ative flow. This sequence of events generally will occur during a 20- to 60-year
period.

Model simulations using 2,000 and 10,000 mg/L as source concentrations for
leachate from the mine waste-spoil piles indicate an approximately linear rela-
tionship exists between the increase in the dissolved-solids concentration of the
ground water and the dissolved-solids increase assumed for the source concentra-
tion. This linear relationship also extends to the resulting change in water
quality of streamflow in the model areas. This indicates a relatively sensitive
correlation between the assumed dissolved-solids concentration increases of leach-
ate from mine waste-spoil piles used in the model and the predicted impact of coal
mining on the environment. The consequence of the differing levels of assumed
source concentrations may or may not be significant, depending upon permissible
impact levels determined by applicable Federal, State, and local regulations.
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Digital ground-water transport modeling provides quantitative answers to the
difficult question of what the potential hydrologic impacts of coal mining may be.
This study provides insight as to which areas are most severely impacted, where
data should be collected, the magnitude of this impact, and the expected timing of
this impact. The techniques used in this study may be applied in varying degrees
to other areas of surface-mined coal in the Rocky Mountain region.
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